ABSTRACT The influence of lipoprotein composition on free cholesterol (FC) esterification and accumulation of esterified cholesterol (EC) was studied in cells of Fu5AH rat hepatoma exposed to culture media supplemented with FC-lecithin dispersions having mole ratios of FC to phospholipid (FC/P) ranging from 0.6 to 2.8. In the presence of normal human serum, FC-lecithin dispersions with a FC/P greater than one stimulated both the We sought to determine if variations in the exogenous FC/P composition could influence the accumulation of EC by tissue culture cells. The Fu5AH rat hepatoma cell line was selected because these cells are capable of accumulating large quantities of EC when grown in the presence of hyperlipemic animal sera (11), and because the accumulation of EC correlates closely with the extent of esterification of FC (12). Thus, this cell, with its high capacity for cholesterol esterification and EC accumulation, can serve as a sensitive experimental tool for the quantitation of cholesterol flux between the cells and the culture medium.
ABSTRACT The influence of lipoprotein composition on free cholesterol (FC) esterification and accumulation of esterified cholesterol (EC) was studied in cells of Fu5AH rat hepatoma exposed to culture media supplemented with FC-lecithin dispersions having mole ratios of FC to phospholipid (FC/P) ranging from 0.6 to 2.8. In the presence of normal human serum, FC-lecithin dispersions with a FC/P greater than one stimulated both the esterification of FC and the accumulation of cellular EC. Conversely, dispersions with FC/P values of approximately one had no effect on either FC esterification or the accumulation of EC when compared to cells grown in the absence of lipid dispersions. No stimulation of cellular response was obtained when FC-rich dispersions were added to cells in the absence of serum; however, stimulation was observed when cells were exposed to isolated human serum lipoproteins (very low density, low density, and high density). With (3, 4) . In human erythrocytes and platelets, both of which are incapable of esterifying FC, the steady-state ratio of FC to phospholipid (FC/P) in cell membranes is directly related to the FC/P ratio in exogenous lipoproteins or artificial lipid dispersions (5, 6) . These two sets of observations appear to relate to the studies of Friedman and Byers (7) (8) , and others (9, 10) We sought to determine if variations in the exogenous FC/P composition could influence the accumulation of EC by tissue culture cells. The Fu5AH rat hepatoma cell line was selected because these cells are capable of accumulating large quantities of EC when grown in the presence of hyperlipemic animal sera (11) , and because the accumulation of EC correlates closely with the extent of esterification of FC (12) . Thus, this cell, with its high capacity for cholesterol esterification and EC accumulation, can serve as a sensitive experimental tool for the quantitation of cholesterol flux between the cells and the culture medium.
MATERIALS AND METHODS
Cholesterol/Lecithin Dispersions. Cholesterol/lecithin dispersions of various molar ratios were prepared as previously described (5, 6 ). L-a-Dipalmitoyl lecithin (General Biochemicals, Div. Mogul Corp., Chagrin Falls, Ohio) and FC (Sigma Chemical Co., St. Louis, Mo.) were added to 10 ml of physiological saline and subjected to 70 W with a Branson sonifier for 60 min at 450 under N2. Cholesterol dispersions prepared with 40 mg of lecithin and 23 mg of cholesterol resulted in a free cholesterol-to-phospholipid mole ratio (FC/P) of approximately one. Cholesterol rich dispersions (40 mg of lecithin, plus 30-80 mg of cholesterol) had a FC/P of greater than one. Cholesterol poor dispersions (FC/P less than one) were prepared with 40 mg of lecithin and less than 20 mg of cholesterol. Albumin (5 mg/ml) was added to the sonicated dispersions and the mixture was centrifuged at 26,000 X g for 30 (12) , and the radioactivity in the separated bands was measured by liquid scintillation techniques (11, 12) . of FC per ml. The bottom fraction with a density greater than 1.21 g/ml-was added at 100 mg of protein per ml, albumin at 5 mg/ml. VLDL, very low density lipoprotein; HDL, high density lipoprotein.
lation of cholesterol in these cells, whereas, cholesterol-poor dispersions (FC/P less than one) produce a selective loss of cellular cholesterol. Although dipalmitoyl lecithin was the only phospholipid used in the present study, other phospholipids behave similarly when analyzed in terms of the FC/P equilibrium between dispersions and red cell membranes (19) . The cholesterol in both cell types is almost entirely FC and is associated with cellular membranes. Increases in membrane cholesterol content are correlated with membrane changes in each cell type. In red cells, there are associated changes in membrane surface area, shape, and permeability (5), mimicking the abnormality seen in patients with spur cell anemia (20) . In platelets, there are associated increases in sensitivity to aggregation by adenosine diphosphate and epinephrine (6), resistance to the aggregation inhibitor, prostaglandin El, and increases in the basal levels of adenylate cyclase (21) . In both cell types, increases in membrane FC/P correlate with a decrease in membrane fluidity (19, 22, 23 The evidence suggests the concept that a significant amount of the EC which accumulates in human atherosclerosis is derived from the esterification of EC within cells (24) (25) (26) . An equilibrium appears to be established based on the rate of FC esterification and the rate of EC hydrolysis (24, 27) . EC accumulation in patients with cholesteryl ester storage disease results from a block in the hydrolysis of EC (28) , and a similar mechanism has been proposed in atherosclerosis (29) . Alternatively, studies on both aorta (25, 26) and cells in culture (12, 30) have demonstrated that at least a portion of the EC accumulated in these experimental systems is derived from an increased esterification of FC. The present experiments illustrate that cholesterol-rich dispersions promote enhanced cellular FC esterification in Fu5AH cells and that this accelerated esterification leads to EC accumulation comparable to that observed when these cells are grown in hyperlipemic sera (I1, 12).
The mechanism by which the FC-lecithin dispersions influence EC accumulation is not known. Uptake of dispersion FC could occur through internalization of the entire particle, by direct transfer of particle cholesterol at the cell surface, or by transfer of particle cholesterol to serum lipoproteins which then participate directly in the transport of cholesterol into the cells. In studies with platelets and red cells, a direct transfer mechanism appears to be operative, because changes in cell FC occur without accompanying changes in cell phospholipid and because these occur equally well in the presence or absence of serum lipoproteins (5, 6) . In the present studies with Fu5AH cells, lipoproteins appear to serve a carrier function. This mechanism is supported by the observation that cholesterol-rich dispersions can transfer FC to HDL, yielding a cholesterolenriched high density lipoprotein (5) . The present results are consistent with earlier observations which have shown that lipoproteins or apo-lipoproteins facilitate the movement of cholesterol between serum and cells . If a "cholesterol-loaded" lipoprotein is the vehicle responsible for the observed cellular responses, then the present experiments suggest that all serum lipoproteins are capable of such modification.
Although the FC/P of very low density lipoprotein (approximately 0.8), low density lipoprotein (approximately 0.7), and high density lipoprotein (about 0.2) are all less than one, these lipoproteins behave in a fashion similar to cholesterollecithin dispersions having a FC/P of one. This is true in the present study as well as in previous studies in which the equilibrium of FC/P between serum and red cells or platelets has been examined (5, 6) . Similarly, FC synthesis is stimulated in rats infused with lecithin dispersions but not with FC/lecithin dispersions having a FC/P of one (34) . It appears that cells strive to maintain a normal FC/P by esterifying excess FC presented 3684 Medical Sciences: Arbogast et al.
to them, as in the present study, and by increasing FC synthesis when FC is removed by lecithin . The ability of cells to synthesize and esterify cholesterol may thus serve as a protective mechanism to modulate cellular FC/P levels; however, this may lead to EC accumulation with its attendant complications. In contrast, the FC/P ratios of red cells and platelets, both of which are incapable of synthesizing or esterifying cholesterol, more closely reflect the FC/P ratio of the milieu (5, 6) .
In some pathological conditions, the FC/P of human lipoproteins is elevated. For example, in some patients with severe alcoholic cirrhosis the FC/P of LDL is increased from a normal value of 0.75 to values as high as 1.80 (38) , and is associated with hemolysis due to cholesterol-rich "spur" red cells. A similar phenomenon occurs in rabbits (39) and guinea pigs (40) fed high cholesterol diets, and atherosclerosis is prominent in these rodent models. Although limited information is available concerning the FC/P in the serum of hyperlipemic individuals, a recent study has demonstrated a 35% increase in the FC/P of the LDL of 16 patients heterozygous for type Iha hypercholesterolemia and a 40% increase in 3 type Iha homozygotes (41) . Values greater than normal for the FC/P of Ila LDL have been reported by three other laboratories (42) (43) (44) ; although in one, this abnormality was found only in Ila homozygotes (44) . The results reported herein demonstrate that elevations in the exogenous FC/P ratio can elicit cholesteryl ester accumulation in the Fu5AH cells. If aortic cells are capable of similar esterification, then, as proposed by Ahrens, more than 25 years ago (45) , an abnormal FC/P of serum lipoproteins could be responsible, in part, for the accumulation of EC that is associated with atherosclerosis in man and animals.
